Background {#Sec1}
==========

Whole genome duplication (WGD) or polyploidy is thought to be central to the diversification of angiosperm plants \[[@CR1], [@CR2]\]. It is well recognized that all angiosperms are paleopolyploid \[[@CR3], [@CR4]\] and have experienced multiple rounds of WGD \[[@CR5]\]. To date, about 30--70 % of the extant plant species are polyploidy \[[@CR6]\]. The allopolyploid species reunite two or more sets of distinct genomes that entail a suite of genomic accommodations \[[@CR7]--[@CR9]\] which give rising to a variety of novel morphological and physiological phenotypes \[[@CR10]--[@CR12]\]. These observations have led to the hypothesis that polyploidy contributes to the diversification of angiosperm plants. Indeed, it has been demonstrated that 15 % of angiosperm speciation events are accompanied by ploidy increase \[[@CR13]\]. In the grass tribe, for example, although no directly evidence indicates that the species diversification was accelerated by the allopolyploidy, at least one third of speciation events are associated with genetic allopolyploidy \[[@CR14]\]. In addition, a series of studies from diverse plant taxa have documented that the "genomic shock" resulted from polyploidization has profound effects on the genetic architecture (e.g., gene loss), epigenetic modification (e.g., cytosine methylation) and gene expression (e.g., homeolog biased expression) \[[@CR15]--[@CR19]\], and some of these induced changes are linked to the phenotypic changes \[[@CR20]--[@CR22]\]. These attributes together suggested that polyploidy itself, as a mode of speciation and an avenue that generating novel variations, has indeed contributed to the evolution and diversification of plants.

*Panax* L. (Araliaceae) is a medicinally important genus in the East Asia and almost every species within the genus has cultural significance for traditional Chinese medicine \[[@CR23]\]. The taxonomy of *Panax* has been controversial due to the circumscription of *P. pseudoginseng* and *P. japonicus* \[[@CR24]--[@CR26]\]. For example, all of the species from southwestern China have been treated as the varieties of *P. pseudoginseng* \[[@CR27]\]. However, Zhou et al. \[[@CR25]\] moved some *P. pseudoginseng* varieties (e.g., *P. pseudoginseng* var. *bipinnatifidus*) into the species *P. japonicus* based on their triterpenoids and seed morphologies. Thereafter, Wen and colleagues have reconstructed the phylogenetic trees of *Panax* based on nrITS and selected chloroplast genes \[[@CR23], [@CR28]--[@CR30]\]. To date, seven well-recognized species and one species complex are defined according to their geographic distributions, chromosome numbers and phylogenetic relationships \[[@CR30]\]. Based on the phylogenetic tree and chromosome number, Yi et al. \[[@CR31]\] have proposed that at least two recent polyploidy events have occurred within the genus *Panax*, one of which has led to the formation of three geographically isolated tetraploid (2*n* = 48) species *P. ginseng*, *P. japonicus* and *P. quinquefolius*. The other recent polyploidy event had occurred within the *P. bipinnatifidus* species complex wherein both diploids (2*n* = 24) and tetraploids are identified. These previous studies provide a framework for understanding the evolutionary history of genus *Panax*. However, these phylogenetic analyses are mainly based on nrITS and selected chloroplast genes, the relationships and nucleotide variation patterns of diploid and tetraploid species remained uninvestigated. In addition, the fluorescence *in situ* hybridization (FISH) and genomic *in situ* hybridization (GISH) analyses revealed the allotetraploid of *P. ginseng* \[[@CR32], [@CR33]\]. More importantly, recent investigations based on the expressed sequence tags (ESTs) suggested that the tetraploid species *P. ginseng* and *P. quinquefolius* have experienced two rounds of WGD and diverged to each other after the recent tetraploidization event \[[@CR34], [@CR35]\]. These features suggested that the evolutionary trajectories of *Panax* species are much more complicated than we thought.

In this study, we employed 12 chloroplast genomes of *Panax* and relative genera to address if the ancient WGD has occurred before the establishment of genus *Panax*. To further infer the evolutionary trajectories of the extant *Panax* species, we applied nrITS, four chloroplast and seven single copy nuclear genes to investigate the phylogenetic relationships of the diploid and tetraploid species. To evaluate the impacts of polyploidization on the genetic diversity, we investigated the nucleotide variation pattern of two tetraploids, *P. ginseng* and *P. quinquefolius*, and one diploid species *P. notoginseng* based on 36 single copy nuclear genes. In comparison with the other congeneric species, the three economically important species are well recognized and cultivated widely in East Asia. The tetraploid species *P. ginseng* and *P. quinquefolius* have been used as a tonic and fatigue-resistance medicine in East Asia for a long time. Likewise, the diploid species *P. notoginseng* is considered to be a remedy for preventing bleeding and recovering from injury for thousands of years \[[@CR30]\]. We expect our study shed lights on how the polyploidization, geographic and ecological isolations contribute to the evolution and diversification of genus *Panax*.

Results {#Sec2}
=======

Phylogenetic analyses of *panax* {#Sec3}
--------------------------------

The geographic distributions and chromosome numbers of the *Panax* species are shown in Fig. [1](#Fig1){ref-type="fig"}. The lengths and informative characters of each alignment and detailed information of the specimens were presented in Additional file [1](#MOESM1){ref-type="media"}: Table S1 and Additional file [2](#MOESM2){ref-type="media"}: Table S2. In brief, the combined matrix of the four chloroplast genes includes 3031 characters, of which 211 (7.0 %) are variable sites. Similarly, the alignment of whole chloroplast genome of the 12 species contains a total of 144,303 bp in length and 11,506 (8.0 %) of which are polymorphic sites. In contrast, the percentages of informative characters in nrITS and single copy nuclear genes are apparently higher than those of chloroplast genes, which ranged from 8.2 % in *Z8* to 25.6 % in nrITS (Additional file [2](#MOESM2){ref-type="media"}: Table S2). The numbers of haplotype of the seven nuclear genes were shown in Additional file [2](#MOESM2){ref-type="media"}: Table S2 and accession numbers of the DNA sequences downloaded from GenBank were listed in Additional file [3](#MOESM3){ref-type="media"}: Table S3.Fig. 1Geographic distributions and chromosome numbers of the extant diploid and tetraploid *Panax* species. The diploid species *P. trifolius* shows overlapped distribution with the tetraploid *P. quinquefolius*. The *P. bipinnatifidus* species complex covers the distribution ranges of *P. notoginseng*, *P. stipuleanatus* and *P. pseudoginseng*. Star, sampling locations of the species *P. ginseng* and *P. quinquefolius* in Jilin province of China; Circle, sampling location of *P. bipinnatifidus* species complex in Sichuan province of China; Triangle, sampling locations of *P. notoginseng*, *P. stipuleanatus* and *P. bipinnatifidus* species complex in Yunnan province of China. The original map was downloaded from Wikimedia Commons(<https://commons.wikimedia.org/wiki/File:Map_of_the_Pacific_region.svg?uselang=zh-cn>). The information of geographic distributions of *Panax* species was retrieved from the Natural Resources Conservation Service of USDA ([www.plants.usda.gov](http://www.plants.usda.gov)) and Flora of China ([www.efloras.org](http://www.efloras.org))

Phylogenetic reconstruction using Bayesian inference (BI) resulted in distinct topologies between the chloroplast and nuclear datasets (Fig. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). In detail, the BI tree based on whole chloroplast genome revealed that species of genera *Aralia* and *Panax* grouped together as a clade, supporting previous observation that the two lineages are the closest genera within family Araliaceae (Fig. [2a](#Fig2){ref-type="fig"}). To this end, we employed the *Aralia* species as outgroup when we performed the phylogenetic analyses of the *Panax* species. As shown in the Fig. [2b](#Fig2){ref-type="fig"}, the North American diploid species *P. trifolius* was placed at the basal clade with high support value (poster prior value = 1.00). Likewise, the two Asiatic diploid species *P. pseudoginseng* and *P. stipuleanatus* formed a monophyletic clade and showed distinct phylogenetic positions to the other Asiatic species. It should be noted that the remaining species were separated into two distinct lineages, one of which contains the three tetraploid species *P. ginseng*, *P. japonicus* and *P. quinquefolius*, and the other clade includes the *P. notoginseng* and *P. bipinnatifidus* species complex. These features suggested that the two lineages shared the ancestral chloroplast genome and differed from the three basal diploid species.Fig. 2Divergence times and topologies of Bayesian trees based on whole chloroplast genome (**a**) and four selected chloroplast genes (**b**). The values on the left and right of each node are the divergence time (one million years ago) and poster prior support, respectively. Length of each branch is not shown in the two phylogenetic treesFig. 3Topologies of Bayesian trees based on nrITS and seven single copy nuclear genes. Each branch represents one haplotype and identical sequences from the same species were removed. The color of branch stands for different species. Numbers of haplotypes for each gene were shown in Additional file [2](#MOESM2){ref-type="media"}: Table S2

In contrast, the BI trees of nrITS and seven nuclear genes revealed more complicated phylogenetic topologies for the *Panax* species (Fig. [3](#Fig3){ref-type="fig"}). For example, although the phylogenetic positions of the three basal species, *P. trifolius*, *P. stipuleanatus* and *P. pseudoginseng*, showed no significant differences between chloroplast and nrITS topologies, accessions of the *P. bipinnatifidus* species complex were not clustered together with *P. notoginseng* as a monophyletic clade in the BI tree of nrITS (Fig. [3](#Fig3){ref-type="fig"}). Instead, they exhibited polyphyletic pattern and then grouped together with the *P. notoginseng* and three tetraploid species *P. ginseng*, *P. japonicus* and *P. quinquefolius*. The *P. bipinnatifidus* accessions used in this study contains both diploids and tetraploids and cover their current distributions from southeastern and southwestern China. The polyphyletic pattern suggested the possibility of heterogeneous origins of this species complex. Similarly, topologies of the seven nuclear genes also revealed that *P. stipuleanatus* showed a distinct phylogenetic position to the other Asiatic species (Fig. [3](#Fig3){ref-type="fig"}). These findings suggested that the *P. notoginseng* and *P. bipinnatifidus* species complex are more close to the tetraploid species *P. ginseng* and *P. quinquefolius* than those of the basal diploid species (Fig. [3](#Fig3){ref-type="fig"}). However, we noted that the nrITS topology showed an autotetraploid pattern of the three tetraploid species. In contrast, topologies of the seven nuclear genes revealed that the haplotypes of *P. ginseng* and *P. quinquefolius* mixed together at most of these nuclear genes, clearly supporting the allotetraploid of the two species. Taken together, our results based on chloroplast and nuclear genes indicated that *P. ginseng* and *P. quinquefolius* are allotetraploid and all accessions of the *P. bipinnatifidus* species complex have the same maternal origin.

Whole genome duplication and divergence time {#Sec4}
--------------------------------------------

Previous investigations based on expression sequence tags (ESTs) have documented that the tetraploid (2*n* = 48) species *P. ginseng* and *P. quinquefolius* have experienced two rounds of WGD \[[@CR34], [@CR36]\]. To this end, we estimated the divergence times of the *Panax* species based on four chloroplast genes and whole chloroplast genome, respectively. Estimations of the divergence time showed that the genus *Panax* diverged from *Aralia* some 11.2 million years ago (MYA) (95 % confidence interval (CI): 6.0--22.8 MYA) for whole chloroplast genome data (Fig. [2a](#Fig2){ref-type="fig"}) and 12.1 MYA (CI: 8.5--17.4 MYA) for the four chloroplast genes (Fig. [2b](#Fig2){ref-type="fig"}), respectively. Thereafter, the basal species *P. trifolius* and the ancestor of *P. stipuleanatus* and *P. pseudoginseng* diverged from the remaining species before 9.4 MYA (CI: 6.6--13.1 MYA) (Fig. [2b](#Fig2){ref-type="fig"}). Notably, our results revealed that the three tetraploid species, *P. ginseng*, *P. japonicus* and *P. quinquefolius*, shared the same maternal donor and diverged to each other during 0.8--1.0 MYA (CI: 0.5--1.2 MYA) (Fig. [2b](#Fig2){ref-type="fig"}). In contrast, the divergence time between *P. notoginseng* and *P. bipinnatifidus* species complex is earlier than those of the three tetraploid species. It was suggested that the *P. bipinnatifidus* species complex have also experienced recent WGD \[[@CR31]\]. In our study, the exact origins of the *P. bipinnatifidus* species complex can not be determined due to the limited sampling size used at the single copy nuclear genes and undetermined chromosome numbers. However, our phylogenetic results showed that the Asiatic diploid species *P. notoginseng* shared the maternal genome with the *P. bipinnatifidus* species complex (Fig. [2b](#Fig2){ref-type="fig"}) but showed independent phylogenetic position at the nrITS and nuclear genes (Fig. [3](#Fig3){ref-type="fig"}). Likewise, the Asiatic diploid species *P. stipuleanatus* was placed at the basal clade at the chloroplast, nrITS and nuclear genes, suggesting that it was not involved in the two recent WGD events. Similar phenomenon was also found in the two North American species where demonstrated that although both of the diploid *P. trifolius* and tetraploid *P. quinquefolius* are distributed in the North America, the two species fall into two distinct clades (Fig. [2b](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}).

Nucleotide diversity {#Sec5}
--------------------

To estimate if the orthologs showed heterogeneous evolutionary rates among the diploid and tetraploid species, we compared the nucleotide variation pattern of *P. notoginseng*, *P. ginseng* and *P. quinquefolius* based on 36 single copy nuclear genes. As shown in our results, the diploid species *P. notoginseng* harbored significantly lesser number of variations at total (St), synonymous (Ssyn) and nonsynonymous (Snon) sites than those of the two tetraploid species *P. ginseng* and *P. quinquefolius* (Fig. [4](#Fig4){ref-type="fig"} and Additional file [4](#MOESM4){ref-type="media"}: Table S4, *t*-test, all *p* values \< 0.003). For instance, the St of *P. notoginseng* ranged from 0 (locus *W13*, *W31* and *W59*) to 58 (locus *W48*), while the St varied from 5 (locus *W28* and *W31*) to 92 (locus *Z63*) and 4 (locus *W28*) to 94 (locus *Z63*) in *P. ginseng* and *P. quinquefolius*, respectively (Additional file [4](#MOESM4){ref-type="media"}: Table S4). Similar results were also observed at the parameter π~T~ where most of the 36 genes showed obviously lower nucleotide diversity in *P. notoginseng* than those of *P. ginseng* and *P. quinquefolius* (Additional file [4](#MOESM4){ref-type="media"}: Table S4). In particular, we noted that the decreasing of nucleotide diversity at exon regions of the 36 nuclear genes is more apparent than that of the intron regions (Additional file [4](#MOESM4){ref-type="media"}: Table S4). For example, ten of the 36 nuclear genes in *P. notoginseng* showed no variations at the exon regions, but both synonymous and nonsynonymous muations were reported in the *P. ginseng* and *P. quinquefolius*. In addition, the *P. notoginseng* also showed significantly lower ka/ks values compared to the tetraploid species *P. ginseng* and *P. quinquefolius* (Additional file [4](#MOESM4){ref-type="media"}: Table S4, *t*-test, both *p* values \< 0.03).Fig. 4Quantification of segregating site per gene at total **a**, species-specific **b** synonymous **c** and nonsynonymous **d** sites for the 36 genes. The numbers above the vertical bars are the exact numbers of segregating sites per gene. Detailed information of the 36 nuclear genes was shown in Additional file [4](#MOESM4){ref-type="media"}: Table S4

To further evaluate the impacts of tetraploidization on the genetic constitution of tetraploid species, we compared the nucleotide variation pattern between the two tetraploids *P. ginseng* and *P. quinquefolius*. Our results revealed that the Asiatic tetraploid *P. ginseng* harbored slightly greater number of St than that of the North America tetraploid *P. quinquefolius* (Fig. [4](#Fig4){ref-type="fig"} and Additional file [4](#MOESM4){ref-type="media"}: Table S4, *t*-test, *p* = 0.364). Notably, the two tetraploid species exhibited distinct nucleotide variation pattern at the exon regions (Fig. [4](#Fig4){ref-type="fig"} and Additional file [4](#MOESM4){ref-type="media"}: Table S4). For instance, most of the 36 nuclear genes showed higher nonsynonymous mutation rates in the *P. ginseng* compared to *P. quinquefolius* (Fig. [4](#Fig4){ref-type="fig"} and Additional file [4](#MOESM4){ref-type="media"}: Table S4, *t*-test, *p* = 0.02). Similarly, ka/ks values of the 36 nuclear genes also exhibited obviously different between *P. ginseng* and *P. quinquefolius* (Additional file [4](#MOESM4){ref-type="media"}: Table S4). It should be noted that each of the three species possessed high level of species-specific SNPs (Fig. [4](#Fig4){ref-type="fig"} and Additional file [4](#MOESM4){ref-type="media"}: Table S4). For example, although the two tetraploid *P. ginseng* and *P. quinquefolius* diverged recently, 495 and 313 SNPs are specific to each of the two tetraploids.

Discussion {#Sec6}
==========

Ancient and recent polyploidy followed by geographic and ecological isolations {#Sec7}
------------------------------------------------------------------------------

Polyploidy is a widespread feature of plant genomes and has played a crucial role in the evolution and diversification of plants \[[@CR37]\]. In terms of time of origin, polyploidy can be broadly divided into paleopolyploidization (ancient WGD) and neopolyploidization (recent WGD) \[[@CR38]\]. The recent polyploidy events are easily identified by the chromosome numbers, genome size, and gene copy number relative to progenitors. In contrast, the evidence of ancient polyploidy has mainly come from comparative genetic mapping, analysis of specific gene families or by the identification of duplicated genes in ESTs \[[@CR39]\].

The contributions of ancient WGD on the evolution and diversification of plants are well-recognized \[[@CR40]--[@CR42]\]. In the case of legumes, for example, multiple independent polyploidy events had occurred in the early radiation stage and which might provide raw materials for the genetic innovations that resulted in the evolution of symbiotic nitrogen fixation \[[@CR43]--[@CR45]\]. In *Panax*, previous studies based on the ESTs indicated that the extant tetraploid species, *P. ginseng* and *P. quinquefolius*, have undergone two rounds of WGD, of which, the first round of WGD had occurred during 24.6--32.8 MYA \[[@CR34], [@CR35]\]. Here, our results based on phylogenetic and divergence time analyses suggested that the genus *Panax* have experienced both ancient and recent WGDs. Given that both of genera *Panax* and *Aralia* have the same basic chromosome number (*n* = 12) \[[@CR31]\] and diverged to each other obviously later than that of the first round WGD, we proposed that the ancient WGD might have occurred before of the establishment of genus *Panax*. Under this hypothesis, it is tempting to predict that the extant diploid species of *Panax* are paleopolyploid, which is thought to be a common phenomenon in plants \[[@CR46]\]. We noted that the genome sizes of extant diploid and tetraploid *Panax* species vary dramatically \[[@CR47]--[@CR49]\]. Similar observations were also reported in *Gossypium* and *Arabidopsis* where rapid genomic revolution during and/or soon after WGD and gradual process of diploidization are likely to result in variation and evolution in genome size \[[@CR50]--[@CR53]\]. Taken together, our findings indicated that the ancient WGD might have contributed to the evolution and diversification of *Panax*. In addition to the ancient WGD, recent polyploidy events were also revealed by our phylogenetic and divergence time analyses. However, we noted that the nrITS topology did not show the allotetraploid of the three species *P. ginseng*, *P. japonicus* and *P. quinquefolius*, which is not consistent with previous observations based on FISH and GISH \[[@CR33]\]. The possible explanation might be that the orthologs from distinct genomes were homogenized through concerted evolution. As expected, topologies of the seven single copy nuclear genes confirmed the allotetraploid of the three species. It should be noted that both the four selected chloroplast genes and nrITS topologies suggested the single tetraploidization origin of the three tetraploid species. Similar phenomenon was also reported in the *Gossypium* where five extant tetraploid species (AADD) have derived from a single polyploidization event between *G. raimondii* (DD) and two extant A-genome species about 1--2 MYA \[[@CR54]--[@CR57]\]. In our case, however, the diploid species used in this study may not the direct progenitors of the three tetraploid species. Instead, our phylogenetic results suggested a possibility that the three tetraploids have the same maternal donor and might share the parental ancestor with *P. notoginseng* and *P. bipinnatifidus* specie complex. Similar phylogenetic patterns were also observed in the *Panicum* where the two teraploids *P. miliaceum* and *P. repens* shared the same parental genome but have distinct maternal donors \[[@CR58]\]. To this end, it is possible that the direct donors of the three tetraploid species may not exist at present. It has also been suggested that recent WGD had occurred within the *P. bipinnatifidus* species complex \[[@CR31]\]. In our study, although the diploid species *P. notoginseng* showed overlapped distributions with the *P. bipinnatifidus* species complex, phylogenetic analyses indicated that it might not be involved in the recent WGD of *P. bipinnatifidus* species complex. Instead, the observed polyphyletic pattern suggested that polyploids within the *P. bipinnatifidus* species complex might have formed through autopolyploidization. Together, our findings suggested that the recent WGDs have indeed promoted the diversification of *Panax*.

It has been demonstrated that the genus *Panax* shows a disjunct distribution between eastern Asia and eastern North America \[[@CR59]--[@CR61]\]. Here, our results confirmed previous hypothesis of two independent origins of the disjunct distributions of *Panax* \[[@CR23], [@CR28]\]. In particular, we noted that the diploid species *P. trifolius* was not involved in the tetraploidization of *P. quinquefolius*, although they showed overlapped distribution pattern in the eastern North America. In contrast, despite the three geographic isolated tetraploids, *P. ginseng*, *P. quinquefolius* and *P. japonicus*, are endemic to northeastern Asia (excluding Japan), North America and Japan, respectively, they have established through a single tetraploidization event and diverged almost simultaneous (0.5--1.2 MYA). These features suggested that geographic isolation is likely one of the underlying mechanisms that promoted the divergence of the three tetraploids. In addition, it has been reported that, in the *P. bipinnatifidus* species complex, tetraploids usually occur at high altitudes \[[@CR28], [@CR29]\]. Similar observations were also reported in the *Alyssum montanum*-*A. repens* complex in which the polyploidy provides raw materials for diversification and the geographic and ecological isolation have further stimulated speciation \[[@CR62]\]. Under this hypothesis, our findings suggested that multiple rounds of ancient and recent polyploidization, along with geographic and ecological isolations, might have together played important roles in the evolution and diversification of *Panax*.

Nucleotide diversity of diploid and tetraploid species {#Sec8}
------------------------------------------------------

It was widely recognized that WGD has profound effects on the genome constitution of plants \[[@CR8], [@CR11], [@CR15], [@CR17], [@CR19], [@CR63]\]. The notable feature of polyploidy is that it would increase the copy numbers of a given gene. As a result, orthologs in the polyploids would harbor relatively higher genetic diversity and heterozygosity compared to the diploids, mainly due to the relaxed selection and reuniting of multiple parental copies \[[@CR16], [@CR64]--[@CR67]\]. In the case of *Gossypium*, for example, the population genetic analyses based on 48 nuclear genes showed that polyploidy in *Gossypium* has led to a modest enhancement in rates of nucleotide substitution \[[@CR68]\]. Here, our study also demonstrated that the two tetraploid species, *P. ginseng* and *P. quinquefolius*, showed relatively higher nucleotide diversity at the total sites of the 36 nuclear genes than those of the diploid species *P. notoginseng*. The possible explanation might be that the two allotetraploids possessed two divergent genomes which would increase the heterozygous and nucleotide diversity at the genome-wide level. In addition, the limited sampling size of *P. notoginseng* might be also respossible for the low nucleotide diversity. Notably, we found that a vast of majority of SNPs is specific to each of the three species, suggesting that some of these SNPs might have accumulated after their divergent. Given the recent divergence and allopatric distributions of the three species, we propose that, in addition to the effects of recent WGD, geographic isolation might have also contributed to the distinct variation patterns of the three species.

Previous studies have suggested that gene duplication plays a crucial role in the coding sequence evolution \[[@CR64], [@CR69]--[@CR71]\]. In the hexaploid wheat, duplicated orthologs that created by WGD can change the dynamic of coding sequence evolution through relaxing selection and then provide chances for the accumulation of new mutations which may impact gene function \[[@CR72]\]. In our study, we found that, compared to the introns of the 36 nuclear genes, the deceasing in nucleotide diversity at exons in diploid species is more apparent than those of the two tetraploid species. In particular, the diploid species showed obviously lower ka/ks values at the 36 nuclear genes. In addition, we also noted that distinct variation pattern was also observed between the two tetraploid species. Taken the locus *Z8* as an example, only two synonymous mutations were found in *P. quinquefolius*, yet eight and five synonymous and nonsynonymous mutations were identified in *P. ginseng*. These findings allow us to speculate that gene duplication might provide raw materials and natural selection favors different mutations between the diploid and tetraploid species.

Conclusion {#Sec9}
==========

WGD is thought to be a driving force that promoted the evolution and diversification of plants. Here, our phylogenetic analyses based on multiple chloroplast and nuclear genome markers demonstrated that the ancient and recent WGDs along with geographic and ecological isolations have together contributed to the diversification of *Panax* species. Through comparing the nucleotide variation patterns of the diploid and tetraploid species, we found that distinct selection pressures might have acted on these nuclear genes during their evolutionary processes.

Methods {#Sec10}
=======

Sampling and DNA extraction {#Sec11}
---------------------------

The aims of this study are to infer the phylogenetic relationships of the extant *Panax* species and evaluate if the same ortholog exhibits heterogeneous evolutionary rates between the diploid and tetraploid species. To this end, 11 and 15 individuals of *P. notoginseng* (Burkill) Chen ex and *P. ginseng* were collected from the Yunnan and Jilin provinces of China, respectively. Similarly, seven and eight accessions of *P. quinquefolius* L. and *P. stipuleanatus* Tsai and Feng were collected from the Jilin and Yunnan provinces of China, respectively. Samples of these species were collected from a wide geographic area that several populations were included. In addition, four accessions sampled from Yunnan and Sichuan provinces of China were chosen to represent the *P. bipinnatifidus* Seem. species complex. The exact geographic locations of these samples were shown in Fig. [1](#Fig1){ref-type="fig"}. The four species, *P. bipinnatifidus*, *P. stipuleanatus P. ginseng* and *P. notoginseng*, are widely distributed in southwestern and northeastern China and no specific permissions are required for the specimen collection. The species *P. quinquefolius* is naturally distributed in North America and widely cultivated in North America and northeastern China. We collected seven cultivated accessions of *P. quinquefolius* from Jilin province of China with the owner's permission. The remaining 13 accessions of *P. quinquefolius* were obtained from our collaborator who bought these samples from the market of the United States of America. The exact geographic location of these accessions is unclear. Detailed information of the specimens used in this study is listed in Additional file [1](#MOESM1){ref-type="media"}: Table S1. Genomic DNA was extracted from the silica-gel dried leaf material of each accession using Qiagen (Tiangen, Beijing) following the manufacturer's instructions.

Chloroplast, nrITS and single copy nuclear gene selection {#Sec12}
---------------------------------------------------------

To infer the establishment and evolutionary process of *Panax*, we downloaded the whole chloroplast genomes of two *Panax* and nine relative genera species from GenBank (*Panax ginseng*, KF431956 and KC686332; *Panax notoginseng*, KJ566590; *Aralia undulata*, KC456163; *Dendropanax dentiger*, KP271241; *Metapanax delavayi*, KC456165; *Kalopanax septemlobus*, KC456167; *Eleutherococcus senticosus*, JN637765; *Brassaiopsis hainla*, KC456164; *Schefflera delavayi*, KC456166; *Hydrocotyle verticillata*, HM596070; *Petroselinum crispum*, HM596073). To further address the evolutionary trajectories of the extant diploid and tetraploid *Panax* species, we employed the nrITS and four chloroplast genes (*trnD*, *psbK-psbI, rbcL* and *ycf1*) to reconstruct the phylogenetic trees (Additional file [2](#MOESM2){ref-type="media"}: Table S2 and Additional file [3](#MOESM3){ref-type="media"}: TableS 3). The nrITS region is one of the most popular nuclear DNA regions in molecular phylogenetic studies, yet the intra-individual paralogy \[[@CR73]--[@CR75]\] and concerted evolution have largely limited its application in the phylogenetic work, especially in the polyploid species. Instead, single or low copy nuclear genes have been proposed to be particularly useful in resolving such problems and are an increasingly popular alternative to nrITS \[[@CR76]\]. To this end, 53 single copy nuclear genes were selected according to our previous studies \[[@CR77], [@CR78]\], 36 of which were successfully amplified in the diploid species *P. notoginseng* and tetraploid species *P. ginseng and P. quinquefolius* (Additional file [5](#MOESM5){ref-type="media"}: Table S5). Seven genes that showed high transferability across the genera *Panax* and *Aralia* were used to construct the phylogenetic trees (Additional file [2](#MOESM2){ref-type="media"}: Table S2).

PCR, sequencing and phylogenetic analyses {#Sec13}
-----------------------------------------

Polymerase chain reactions (PCRs) of the single copy nuclear genes were performed in a 50 μL volume containing 0.2 mM of each dNTP, 1.5 mM MgCl~2~, 0.5 mM of each primer, 1U of rTaq polymerase (Takara, Dalian, China), and about 50 ng of DNA template under the following conditions: 5 min at 95 °C, followed by 30 cycles of 30 s at 94 °C, 30 s at the annealing temperature of each primer combination (Additional file [5](#MOESM5){ref-type="media"}: Table S5), 60 s at 72 °C, and then a final 5 min extension at 72 °C. The amplifications of seven single copy nuclear genes were purified with Gel Band Purification Kit (Tiangen, Beijing, China) and cloned using pMD18 vector (Takara, Dalian, Liaoning) following the manufacturer's instructions. To obtain different haplotypes of the seven nuclear genes, multiple accessions of each species were selected and 4--10 clones were sequenced for each accession studied.

The DNA sequences were aligned using the default parameters in Clustal \[[@CR79]\] and edited manually using BioEdit \[[@CR80]\] if necessary. To infer the phylogenetic relationships of the *Panax* species, the BI analyses for the nrITS, combined chloroplast and single copy nuclear genes were performed using MrBayes \[[@CR81]\], separately. Model parameters for each data set were estimated using jModelTest \[[@CR82]\]. The best-fit models for each data set were showed in Additional file [2](#MOESM2){ref-type="media"}: Table S2. For the Bayesian trees, two independent Markov chains were run and calculated simultaneously with 1,000,000 generations for each data set. The convergence of the two runs was evaluated by stopping the analysis when the average standard deviation was below 0.01. Bayesian posterior probabilities were estimated as the majority consensus of all sampled trees with the first 25 % discarded as burn-in. The divergence times of *Panax* and relative genera were calculated using mcmctree of PAML \[[@CR83], [@CR84]\]. The indepented rates and HKY85 were chosen as the molecular clock and nucleotide substitution model, respectively. The ambiguity characters were removed from alignments. The empirical divergence times of *P. ginseng*/*P. quinquefolius* (0.8--1.2 MYA) and *P. ginseng*/*P. notoginseng* (3.5--5.2 MYA) \[[@CR35], [@CR36]\] were assigned to constrain the age of the *Panax*. A Birth-Death prior on branching rates was employed and three independent analyses were run for 10,000 generations.

SNP recalibrating and nucleotide diversity {#Sec14}
------------------------------------------

The references of the 36 single copy nuclear genes were obtained from our previous studies \[[@CR77], [@CR78]\]. The population data of *P. ginseng*, *P. quinquefolius* and *P. notoginseng* were sequenced using Illumina Hiseq 2000 (BGI, Shenzhen, China). The quality of raw reads was checked using FastQC \[[@CR85]\] and low-quality (Phred \< 30) reads were removed. Alignments of the clean reads were initially screened against the obtained references using Burrows-Wheeler Aligner \[[@CR86]\]. The low quality single nucleotide polymorphisms (SNPs) (mapping quality \< 30, depth \< 10) and PCR duplicates were removed from the mapped reads using SAMtools \[[@CR87]\]. The heterozygous and homozygous SNPs were reported according to our previous study \[[@CR78]\]. The Perl scripts were applied to generate the alignment for each gene by replacing the references with reported SNPs. Insertions/deletions (INDELs) were excluded from the subsequent data analyses. Accordingly, a total of 0.55 million 100 bp paired-end reads (low quality reads and PCR duplicates were removed) were mapped to the references. We therefore obtained an average of \~80.6 × coverage for each gene per individual. The numbers of species-specific SNPs for each species were estimated based on the total segregating sites of the three species. The nucleotide diversity of the three *Panax* species was calculated using DnaSP v5 \[[@CR88]\], including number of segregating sites (S), ration of nonsynonymous and synonymous site (Ka/Ks), nucleotide diversity π \[[@CR89]\] for total, nonsynonymous and synonymous sites, respectively. The segregating sites that showed monomorphic within each of the three species were not included in the analyses of nucleotide diversity.

Availability of supporting data {#Sec15}
-------------------------------

All data generated from this study were submitted to GenBank under the accession number KT593555-KT593862 and PRJNA291547.

Additional files {#Sec16}
================

Additional file 1: Table S1.Accessions of *Panax* species and outgroups sampled from the 36 single copy nuclear genes. (DOCX 43 kb)Additional file 2: Table S2.Detailed information of the chloroplast and nuclear genes used in this study. (DOCX 58 kb)Additional file 3: Table S3.Accession numbers of the *Panax* species and outgroups used in this study. (DOCX 23 kb)Additional file 4: Table S4.Nucleotide variation patterns of the 36 single copy nuclear genes used in this study. (DOCX 34 kb)Additional file 5: Table S5.Detailed information of the 36 single copy nuclear genes used in this study. (DOCX 22 kb)

Feng-Xue Shi, Ming-Rui Li and Ya-Ling Li contributed equally to this work.

**Competing interests**

The authors declare that they have no competing interests.

**Authors' contributions**

FXS and MRL carried out the molecular genetic studies, performed the phylogenetic analyses and drafted the manuscript. YLL analyzed the high throughput data of the nuclear genes and performed the population genetic analyses. PJ and CZ developed the single copy nuclear genes and tested their transferability. HXX and YZP collected the samples and helped to draft the manuscript. LFL, HXX and BL participated in the design and coordination of this study. LFL and BL wrote this manuscript. All authors read and approved the final manuscript.

We thank Haifei Yan for providing the materials of *Panax* species. This work was financially supported by the National Natural Science Foundation of China (31470010).
